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Summary
Visual object fixation and figure-ground discrimination
in Drosophila are robust behaviors requiring sophisticated
computation by the visual system, yet the neural sub-
strates remain unknown. Recent experiments in walking
flies revealed object fixation behavior mediated by circuitry
independent from the motion-sensitive T4-T5 cells required
for wide-field motion responses [1]. In tethered flight
experiments under closed-loop conditions, we found
similar results for one feedback gain, whereas intact
T4-T5 cells were necessary for robust object fixation at a
higher feedback gain and in figure-ground discrimination
tasks. We implemented dynamical models (available at
http://strawlab.org/asymmetric-motion/) based on neurons
downstreamof T4-T5 cells—one a simple phenomenological
model and another, physiologically more realistic model—
and found that both predict key features of stripe fixation
and figure-ground discrimination and are consistent with a
classical formulation [2]. Fundamental to both models is
motion asymmetry in the responses of model neurons,
whereby front-to-back motion elicits stronger responses
than back-to-front motion. When a bilateral pair of such
model neurons, based on well-understood horizontal sys-
tem cells [3, 4], downstream of T4-T5 [5], is coupled to
turning behavior, asymmetry leads to object fixation and
figure-ground discrimination in the presence of noise.
Furthermore, the models also predict fixation in front of a
moving background, a behavior previously suggested to
require an additional pathway [1]. Thus, the models predict
several aspects of object responses on the basis of neurons
that are also thought to serve a key role in background stabi-
lization [6–12].
Results
Behavioral Experiments in Flies with Blocked T4-T5 Cells
To measure visuomotor responses of Drosophila, we used
low-latency wing tracking [13] and display systems [14] to
show visual stimuli to rigidly tethered flying flies (Figure S1A
available online). Onewell-studied behavior elicited by rotating
wide-field stimuli is the optomotor response (e.g., [15]). Flies
steer in the direction of the stimulus, presumably to stabilize
flight direction against external perturbations. Another promi-
nent visual behavior is object fixation [16]. To study fixation
behavior, we performed closed-loop experiments in which
the fly’s intended turn—measured as the difference in wing
beat amplitude between the right and left wing (DWBA)—was
fed back to control yaw angular velocity, u, of visual objects2Co-first author
*Correspondence: andrew.straw@imp.ac.atvia a coupling coefficient specifying the feedback gain, g, ac-
cording to the equation u= 2g,DWBA (Figure S1B). We refer
to a black stripe (on a white background) as ‘‘stripe’’ and to a
random-pixel figure (on a random-pixel background) as
‘‘figure,’’ and use we ‘‘object’’ as the general term.
Recently, it was shown that walking flies with blocked T4
and T5 cells exhibit no optomotor response and decreased,
but robust, object fixation [1]. We hypothesized, based on
studies suggesting slow responses to flicker [17] at modest
contrast [18], that T4-T5-independent position circuitry [1]
might be unable to mediate object fixation in conditions of
high feedback gain.
We used GAL4-UAS to express tetanus toxin light chain
(TNT) [19] in T4-T5 cells to block chemical synaptic transmis-
sion (‘‘T4-T5-blocked flies’’) and tested fixation quality during
closed-loop tethered flight at a contrast of 0.32. Control flies
expressed an inactive form of TNT. The behavioral data are
summarized in probability distributions of object position (hor-
izontal histogram) and object velocity (vertical histogram)
together with the phase-space trajectories (i.e., object velocity
as a function of object position) underlying these distributions
(e.g., Figure 1A, top).
At low feedback gain (g=5 s21; Figure 1A), similar to results
found in walking flies [1], fixation of a black stripe in T4-T5-
blocked flies is significantly reduced, but not abolished. This
is evidenced by flatter distributions of stripe position and ve-
locity (Figure 1A, middle) as compared to control flies (Fig-
ure 1A, top). Control flies hold the stripe significantly longer
in the frontal half of the visual field than do T4-T5-blocked flies
(Figure 1A, bottom). In a separate set of control experiments in
open loop (Figure S1C), we confirmed that T4-T5-blocked flies
indeed exhibit a significant response to the position of the
stripe, as expected [1].
When we tested flies in a high-gain regime (g=25 s2 1; Fig-
ure 1B), stripe fixation in T4-T5-blocked flies was further
reduced as illustrated by an even flatter distribution of stripe
position and velocity, while fixation was excellent in control
flies (Figure 1B, middle versus top). Again, the stripe is kept
less in the frontal half of the visual field than by control flies
but longer than could be expected by chance (Figure 1B, bot-
tom). The degraded stripe fixation shows that intact T4-T5
cells are important under these high-gain conditions.
In a further set of experiments (Figure 2), we quantified fixa-
tion of a random checkerboard figure against a random check-
erboard background, i.e., figure-ground discrimination—an
experiment in which luminance cues for detecting the figure
are reduced. Indeed, in T4-T5-blocked flies, we found no evi-
dence of fixation at high gain (g=25 s21; Figure 2B, blue);
blocked flies did not keep the figure significantly longer in
the frontal half of the visual field than expected by chance (Fig-
ure 2B, bottom, blue). Nevertheless, control flies reliably
fixated, showing the necessity of intact T4-T5 cells for fixation
under these conditions (Figure 2B, top versus middle, blue).
Interestingly, T4-T5-blocked flies also showed no evidence
of fixation at low gain (Figure 2A, blue). Again, T4-T5-blocked
flies did not keep the figure significantly longer in front than
expected by chance, and the robust figure-ground discrimi-
nation of control flies was significantly different from that of
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Figure 1. At High Feedback Gain, Intact T4-T5 Cells Are Necessary for Robust Stripe Fixation
Fixation behavior measured during closed-loop flight for a black stripe (width = 22.5) on a white background. The pictograms show the stimulus; black
arrows indicate gain settings. From time-series data of stripe position and velocity, phase-space trajectories are plotted in which stripe velocity is plotted
against stripe position. Histograms show the probability in a given range of values. Bar charts show the average percentage of time the stripe is in the frontal
field of view (error bars indicate the SEM).
(A) Behavioral results for control flies (top) and T4-T5-blocked flies (middle) for low gain, g=5 s21. Control flies keep the stripe significantly longer in the
frontal half of the visual field than do T4-T5-blocked flies (p = 0.002, Mann-Whitney U test, two tailed, N = 10; bottom). Both genotypes differ significantly
from chance (control flies, p = 0.001; T4-T5-blocked flies, p = 0.01; binomial test, one tailed, N = 10).
(B) As in (A), but for high gain, g=25 s2 1. Stripe fixation in T4-T5-blocked flies is further decreased but is still significantly different from chance (p = 0.03,
binomial test, one tailed, N = 11; bottom). Again, control flies keep the stripe significantly longer in the frontal half of the visual field than do T4-T5-blocked
flies (p = 1024, Mann-Whitney U test, two tailed, N = 11).
See also Figure S1 for a diagram of the apparatus and an example trajectory.
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Figure 2. Blocking T4-T5 Cells Abolishes Fixation in Figure-Ground Discrimination Task
Fixation behavior measured during closed-loop flight in a figure-ground discrimination task (figure width = 22.5) for a stationary background (blue) and a
background moving at a velocity of 22 s21 (red). The pictograms show the stimulus; black arrows indicate gain settings, and red arrows indicate back-
ground movement. Bar charts show the average percentage of time the figure is in the frontal field of view (error bars indicate the SEM).
(A) Behavioral results for control flies (top) and T4-T5-blocked flies (middle) for low gain, g=5 s21. Control flies show robust fixation behavior for both the
stationary and the moving background. The position of figure fixation is shifted as a result of background movement. Both in the presence and absence of
background movement, the performance of control flies was significantly better than for T4-T5-blocked flies (p < 0.002 for a stationary and p < 0.004 for a
moving background, Mann-Whitney U test, two tailed, N = 11; bottom) that showed no evidence of fixation and did not keep the figure significantly longer in
the frontal field of view than expected by chance (p = 0.1 for both stationary and moving backgrounds, binomial test, one tailed, N = 11).
(B) Behavioral results for control flies (top) and T4-T5-blocked flies (middle) for high gain, g=25 s21. T4-T5-blocked flies again showed significantly less
fixation than control flies (p < 0.0002 for a stationary and p < 0.003 for a moving background, Mann-Whitney U test, two tailed, N = 10; bottom), and their
responses were not significantly different from chance (p = 0.2 for a stationary and p = 0.4 for a moving background, binomial test, one tailed, N = 10).
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A B C Figure 3. Models Based on Asymmetric Wide-
Field Motion Processing Predict Fixation
Behavior in Front of a Moving Background
Top: color-coded dynamics of figure fixation
dependent on background velocity (regions with
negative figure velocity are colored in purple, and
regions of positive velocities are shown in green).
Bottom: magnified view of probability of figure
position as a function of background velocity.
(A) Fixation behavior predicted by the analytical
model for Drosophila, showing model responses
to the closed-loop coupled figure (black arrows
indicate dynamics). Positions at which responses
are zero (fixed points) are indicated by a line, with
the solid line denoting stable equilibrium—pre-
dicting figure fixation—and the dashed line denot-
ing an unstable equilibrium (top). The probability
of figure position as a function of background ve-
locity together with the black line indicating stable
equilibrium is shown (bottom). Velocity is given
relative to critical velocity, uc. See also Figure S2
and Code S1 (also available at http://strawlab.
org/asymmetric-motion/).
(B) Fixation behavior predicted by the physiolog-
ically inspired model for Calliphora. Turning
responses were calculated by computation of
mean closed-loop figure velocity in the first 2 s
after onset of backgroundmovement (top). The probability of figure position as a function of background velocity is shown (bottom). Due to different spatio-
temporal properties of the Calliphoramodel, we would not expect the prediction to quantitatively match models or measurements of Drosophila behavior.
See also Figure S3 and Code S1.
(C) Experimental measurement of fixation behavior showing smoothed figure dynamics at different positions as a function of background velocities (top). The
probability of figure position as a function of background velocity is shown (bottom).Mean responses froma 600 s experiment of N = 16 flies (control genotype).
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2916T4-T5-blocked flies (Figure 2A, bottom, blue). We also rotated
the background slowly in open loop and found, similar to [1],
that control flies still fixate a figure with open-loop background
motion, albeit at a location offset from directly ahead, shifted
opposite to the direction of background motion (Figures 2A
and 2B, red). T4-T5-blocked flies were not able to fixate the
figure with a moving background at high- or low-gain settings
(Figures 2A and 2B, middle, red), just as they failed to fixate a
figure with a stationary background.
Our behavioral experiments thus show that at high gain, ob-
ject fixation in T4-T5-blocked flies is severely decreased, indi-
cating that intact T4-T5 cells are required for robust fixation
under these conditions. In addition, we found a requirement
of the T4-T5 cells for fixation in our figure-ground discrimina-
tion paradigm, an effect that was true at high and low gains.
Object Responses by Asymmetric Motion Processing
Given the requirement of intact T4-T5 cells under the above
conditions, we wondered whether neurons downstream of
T4-T5 might mediate object fixation in the absence of parallel
pathways. A critical insight came from the discovery that the
T4-T5-dependent component of turning responses is asym-
metric with respect to object velocity—front-to-back motion
elicits stronger responses than back-to-front motion [1].
Based on this recent finding and a similar asymmetry observed
in horizontal system (HS) cells [3, 4], we hypothesized that
wide-field motion-integrating neurons, such as HS cells, may
be able to mediate object responses without a separate posi-
tion circuit. Although HS cells show residual responses in
T4-T5-blocked flies [5], electrophysiological and behavioral
measurements suggest that HS cells are not part of a T4-T5-in-
dependent position circuit [1]. From a theoretical perspective,
it is known that asymmetric torque responses to motion are
sufficient to mediate turns toward objects independent of a
system that explicitly encodes position [2, 20].An intuitive explanation for how asymmetric motion re-
sponses can give rise to object fixation is as follows. If an ob-
ject on the right is moving rightward (front to back), a strong
rightward turn is elicited. If this object moves leftward (back
to front), the motion response will cause a leftward turn, but,
due to asymmetry, this is smaller in magnitude than the right-
ward turn. Thus, over time, alternating movement (e.g., arising
from noise) leads to net turning toward the object. If a mirror-
symmetric system exists on the other side, as expected from
bilateral symmetry, an equilibrium object position emerges at
the midline.
The theoretical question that we addressed is whether
asymmetric motion responses, observed in most lobula plate
tangential cell recordings [3, 21–23], would be predicted to
cause object responses similar to those measured behavior-
ally. To minimize the number of free parameters, we based
our models as closely as possible on the response properties
of the extensively investigated HS cells [3, 4], long thought to
be involved in the generation of yaw torque in response to
wide-field motion [6–12]. The other basic assumptions in our
models are that torque produced by the fly is proportional to
the difference between the output of left and right HS cells
with an additional noise source.
The first model is based on a phenomenological descrip-
tion of basic response properties of Drosophila HS cells [4]
that allows closed-form analysis. The second model is de-
rived very closely from a more physiologically realistic model
of Calliphora HS cells that predicts membrane potential for
arbitrary visual inputs [24]. As partly anticipated for a station-
ary background [17, 25–27], both our models predict object
fixation with only a wide-field motion-integrating channel
and no separate small-field or position channel (Figures 3A
and 3B).
In the simplified analytical model, we describe the response
of eachHS cell,WðfÞ, by the spatial integral over the product of
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where 4 is the angular position and f is the temporal frequency
of the stimulus. The particular equation describing the recep-
tive field was chosen to have a simple form, and the motion
responsewas based on the steady-state amplitude of the Has-
senstein-Reichardt correlator [28, 29]. Parameters were
adjusted to fit electrophysiological data from equatorial HS
cells in Drosophila [4]. The most important requirement is
that the motion response is asymmetric, i.e., the hyperpolar-
ization in response to back-to-front motion is smaller in amp-
litude than the depolarization in response to front-to-back
motion. A comprehensive description of the model is provided
in the Supplemental Experimental Procedures together with
Figure S2 and Code S1.
We discovered that our model predicts object fixation, and,
furthermore, when we predicted fixation in front of a moving
background, fixation position was shifted from zero opposite
to background motion (Figure 3A). This phenomenon was
also observed in behavioral experiments (Figures 2 and 3C
and [1]) but was previously explained based on a summation
of the outputs of the T4-T5-dependent motion circuit and a
T4-T5-independent position circuit [1]. In our model, however,
there is only a pair of HS cells that were reasoned unlikely to be
part of the T4-T5-independent position circuit [1].
In the face of backgroundmotion, it might seem counterintu-
itive that two wide-field motion-integrating neurons can yield
object fixation behavior. But our model predicts that the res-
ponse to simultaneous closed-loop figure and open-loop back-
ground motion has two torque terms that remain in equilibrium
and thus that fixation is maintained until the background
exceeds a critical velocity. More formally, for a stationary back-
ground, our model predicts two fixed points at which re-
sponses vanish, a stable one in front and an unstable one
behind the fly. Thus, perturbations from a position directly in
front of the fly would shrink, whereas perturbations in back
would grow. With increasing background velocity, these fixed
points approach each other. The stable and unstable branch
(Figure 3A, top, solid anddashed line) describe the dependency
of the fixed points on the background velocity. The system dy-
namics are color coded and depicted by arrows to indicate that
a figure would move toward the stable and away from the un-
stable branch. At a critical background velocity, uc, the fixed
points meet and vanish (Figure 3A, top). Thus, the dynamical
system shows a classical saddle-node bifurcation. At higher
background velocities, the total torque is dominated by the
response component due to the open-loop background,
much like an optomotor response (green in Figure 3). For a
more intuitive comparison with behavioral data, we computed
the probability distribution of the figure position as a function
of background velocity. As background velocity increases,
the position of itsmode follows the stable branch of the bifurca-
tion while the distribution gets broader (Figure 3A, bottom).
Because this analytical model is based explicitly on a pair of
visual neurons, it can predict responses to arbitrary piecewise-
defined visual stimuli under both open- and closed-loop con-
ditions. We found that for a particular configuration, closed-
loop object fixation without input from a visual background,
it is formally equivalent to the classical model proposed by
Poggio and Reichardt based on torque measurements (e.g.,[2, 30]; see the Supplemental Experimental Procedures). As
in this classical framework, the torque acting on an object in
closed-loop can be mathematically decomposed into a
restoring term that drives the object to a stable position and
a dampening term that opposes object motion.
We wondered if the simplifications that allowed us to
perform a stability analysis were consistent with known phys-
iology and therefore tested whether more realistic HS cell
responses would lead to qualitatively similar predictions. We
therefore implemented a model for Calliphora HS cell re-
sponses [24] and again computed torque as the scaled differ-
ence between two mirror-symmetric units. For a complete
description of this model, refer to the Supplemental Experi-
mental Procedures together with Figure S3 and Code S1.
The physiological model indeed predicts fixation in front of
stationary andmoving backgrounds (Figure 3B), which is qual-
itatively similar to the basic analytical model (Figure 3A). We
calculated the initial velocity of a figure as a function of
azimuthal position and background velocity (Figure 3B, top)
together with the probability histograms of figure position (Fig-
ure 3B, bottom) to visualize the system dynamics and the shift
of the fixation position. Although differences between Calli-
phora and Drosophila prevent a detailed quantitative compar-
ison, both the dynamics and fixation position are in qualitative
agreement with the analytical model.
To test the predictions of our models, we measured turning
responses in flies to which we presented a closed-loop figure
moving in front of an open-loop background. The overall
pattern of behavioral turning responses to such stimuli
measured experimentally (Figure 3C, top) is similar to the
model predictions (Figures 3A and 3B, top). In particular, the
fixation position shifts from directly in front of the fly into the di-
rection opposite to background motion, and the probability
distribution of figure position gets broader as the background
velocity is increased (compare Figure 3C, bottom, to Figures
3A and 3B, bottom). Overall, the measured dynamics are
consistent with the saddle-node bifurcation predicted by the
analytical model. The main difference is that the analytical
model predicts fixation at angular positions at which flies
ceased to fixate the figure and exhibited optomotor-like
turning. This would follow directly from a decrease in asymme-
try atmore lateral positions. Such decreased lateral asymmetry
has been shown for the torque response [1], but electrophysi-
ological measurements addressing this question are, to our
knowledge, not published.
Discussion
Our behavioral data obtained for tethered flight show that there
are conditions in which a T4-T5-independent circuit allows for
object fixation, consistent with a study on walking flies [1]. We
discovered that intact T4-T5 cells are required for fixation un-
der the high feedback gain or figure-ground conditions tested.
Moreover, we showed that models based on a bilateral pair of
neurons with asymmetric motion responses, such as the HS
cells downstream of T4-T5, predict object fixation in the
absence of parallel pathways. This potential ability of HS-like
cells to support object fixation was partly anticipated [17,
25–27]. Here we provide, for the first time, a complete imple-
mentation of models based on asymmetric motion-processing
to predict behavioral responses to arbitrary visual stimuli. We
show that both neuronal models predict object fixation,
including fixation on a moving background, a behavior previ-
ously suggested to require a separate position circuit [1].
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involvement of other neurons in object responses. Indeed, pre-
vious work [1] and our behavioral results for T4-T5-blocked
flies support the existence of at least one additional system.
We suggest that our models, whose implementation we
include in full (Supplemental Experimental Procedures and
http://strawlab.org/asymmetric-motion/), may serve as a start-
ing point and null hypothesis for studies on the role of cells
potentially contributing to object responses.
Removing HS cells decreases behavioral response to wide-
field motion but has a smaller effect on object fixation [31, 32].
Residual object-orienting behavior might result from a T4-T5-
independent circuit alone or with contributions from non-HS
neurons downstream of T4-T5. The asymmetric motion res-
ponse of the modeled HS cells is the key component that
allows fixation and many other neurons may exhibit similar
asymmetric response properties. Any bilateral pair of such
neurons would be predicted to enable figure-ground discrimi-
nation and object fixation.
The T4-T5-independent position circuit depends on local
luminance changes [1] reminiscent of flicker responses
described in house flies [33, 34]. We suggest that the T4-T5-in-
dependent circuit is too slow to mediate stripe fixation at high
gain, perhaps due to slow responses to luminance changes at
moderate contrast. Indeed, the latency of Drosophila wing re-
sponses to flickering stimuli exceeds one second at a contrast
of 0.44 [18]. Behavioral experiments in Calliphora led to the
conclusion that flicker-mediated responses worked on time
scales much larger than the ones found in the fast turning re-
sponses of tracking and landing [17]. It is unclear why T4-T5-
blocked flies failed at the figure-ground discrimination task
even at low gain with a stationary background. One possible
explanation is that spatial and temporal low-pass filtering
in the remaining circuits responsible for fixation in T4-T5-
blocked flies would lead to decreased sensitivity for this spe-
cific kind of stimulus. For example, flicker-sensitive neurons in
Eristalis showed minimal responses to moving patterns at
spatial frequencies that elicit robust responses in HS cells
[35, 36], suggesting potential differences in the spatial or tem-
poral sampling of the different circuits involved. Thus, a logical
next step is to investigate specific dynamics, neuronal sam-
pling, and contrast and luminance sensitivity of the T4-T5-
dependent and T4-T5-independent object responses.
Drosophila shows, in contrast to the aerial chasing behavior
of house flies and blow flies, a repulsive reaction to small ob-
jects [37], a behavior not predicted by the present models.
Indeed, small-field-selective neurons [38–40] might play a
role in such behaviors. In light of our models, the question
arises whether sensitivity to non-Fourier figure motion, as
measured in wide-field motion integrators [41], would predict
a single HS-like neuronal substrate as being sufficient to
mediate what was previously suggested to be information car-
ried in two parallel streams [42, 43].
Behaviors analogous to object fixation and optomotor
response in flies are present in a wide range of animals,
including humans. Vertebrates minimize retinal optic flow by
the optokinetic reflex similar to the flies’ optomotor response.
Vertebrate eyes perform saccades toward stationary objects
and smooth-pursuit movements to keep objects on the
fovea—reminiscent of flies fixating objects in their frontal field
of view. Classically, it was assumed that a position pathway un-
derlies saccades independently of a motion pathway serving
smoothpursuit, but this juxtaposition of the position andmotion
pathway has been questioned because of increasing evidencefor mutual interactions and synergies (reviewed in [44]). The
present models illustrate how a circuit based on two neurons
could account for fundamental visual behaviors. Imagine, in a
thought experiment, a vertebrate eye whose two eye muscles
guiding horizontal movements are coupled to HS-like neurons
on either side of the fovea. The resulting hypothetical eye would
show optokinetic reflexes, would fixate stationary objects at
its midline, and would stabilize moving objects. How asym-
metric motion detection interacts with the position pathway in
mammals is currently unclear as different studies either sup-
ported a bias for motion from the periphery toward (e.g., [45])
or away from (e.g., [46]) the fovea. Our results indicate that an
apparently sophisticated repertoire of visuomotor behaviors
can, in principle, arise from a neural circuit with just two bilateral
asymmetric wide-field motion integrators, and we speculate
that the use of asymmetric motion processing might be a com-
mon principle of visuomotor systems across phyla.
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